The importance of process in successful and effective technology and product development is widely recognized in industry. Tools, such as Technology Readiness Levels (TRLs) and various metrics, have been developed and successfully used to guide and strategically plan R&D processes, allocate resources, and calibrate expectations. Similarly, one might hypothesize that academic research might also benefit from similar tools that would assist both researchers and funding organizations. A research assessment tool should: 1) facilitate planning and communication; 2) effectively gauge progress; and 3) accommodate and capture the diverse scope of academic research. However, the inherent open-endedness and exploratory nature of research makes it difficult to quantify or characterize research progress.
INTRODUCTION
The importance of process in technology and product development has been widely recognized in industry, academia, and education. In product development, a systematic process guides the designers' abilities, allows for objective evaluation of results, helps to manage complex projects, facilitates teamwork, and provides a foundation for educating students [1, 2].
To track and measure the progress of new products and technologies, industry professionals have developed tools like Technology Readiness Levels (TRLs). These widely adopted tools in industry help to guide and strategically plan R&D processes, allocate resources, and calibrate expectations between industry-based researchers and managers As such, this work intends to develop a new tool to systematically characterize academic research and research progress, with the goal of providing feedback to researchers and funding organizations. Like a TRL assessment, the framework guides researchers through a progression of increasing maturity, but the structure enables researchers to use their own methodologies and practices to achieve a diverse set of self-defined goals.
The work draws on the current literature to develop a tool that will achieve the goals of strategic planning, communication, and gauging progress. It first draws inspiration from TRLs, which are proven to be effective in product development, but are not suitable for the nature of academic research. The authors also draw upon academic research productivity metrics. However, these metrics are not well suited for strategic planning and facilitating progress as they do not provide or suggest pathways for research progression. With the researcher as the primary user, this work aims to lay a foundation for a comprehensive tool that can accomplish four key requirementsfacilitating planning and communication, accommodating and capturing the diverse scope of academic research, and effectively gauging progress.
DISCUSSION OF PRIOR WORK

Technology Readiness Levels
Technology Readiness Levels (TRLs) are numerical scales of technology maturity developed by NASA in the 1980's and has been implemented and modified since the early 1990's in government program. They formalize ten (0-9) steps of technology maturation, defining a map that concludes with the deployment of a technology in operational conditions [12] . Refer to table 9 Actual system proven through successful mission Actual system operated over the ful range of operations. expected conditions.
Despite TRLs successes in product development, when applied to academic research projects they fall short in encompassing the broad and diverse scope of research. TRLs' linear structure and terminology are tailored for the development of tangible products-a TRL 9 is defined as "actual system proven through successful mission operations" While insightful and useful in industrial contexts, the area of research evaluation metrics is not directly applicable to this research. Although metrics were originally pursued in an attempt to create a model that would predict successful research projects, a deeper exploration of the challenges led to the conclusion that this goal was not well suited for improving research projects. The correlations using metrics found in the literature only provide a snapshot of a research program's historical performance, rather than providing a pathway of progression for his or her research. Since this thesis is focused on developing a tool that can guide researchers and improve their future work, evaluation metrics that focus on quantifying success are inappropriate.
This review of the literature highlights some of the strengths of industrial methods for measuring progress. However, none of the methods evaluated fulfill the requirements of a comprehensive measurement tool for academic research: facilitate planning and communication, effectively gauge progress, and encompass the dimensions of a research program. Table 2 summarizes the literature's strengths and weaknesses towards these goals. 
RESEARCH PROGRESSION LEVELS: A FIRST ATTEMPT
A research-oriented permutation of TRLs, which was named Research Progression Levels (RPLs), was first proposed. Table 3 compares Technology Readiness Levels and the Research Progression Levels. Eight mechanical engineering faculty members were asked to use the TRLs and RPLs to map an active research project. Although the RPLs were more appropriate than TRLs for academic research, it was still confusing to researchers. It became clear that neither scale was successful in accomplishing the goals of a research measurement tool.
The RPLs increase the granularity of the early levels of the TRLs, expanding the first four research-focused TRLs into a more comprehensive system oriented for research only. See table 4 for an example of an approximate temporal mapping of TRLs to RPLs. This example illustrates how the TRLs might map to the RPLs if the research end product is a laboratory demonstration of a technology. However, if the research end-product was an observation of a fundamental phenomenon, a TRL 1 would map to RPL 10. This variation illustrates the flexibility of the RPLs in accommodating various goals of research. 
10
REP is complete and delivered REP is complete and delivered Component and/or breadboard validation in a laboratory environment When the RPLs were tested with academic researchers several key concerns were voiced:
e The numerical scaling of the TRLs and RPLs gave a sense of a grade -faculty felt hesitant about being "scored", despite efforts to emphasize that the objective of the tool was to provide guidance and structure for moving research forward.
* Faculty felt strongly that the process needed to recognize that the objective of each project was distinct.
e When communicating with funding organizations, collaborators, etc., an important first step in a project is to reach an agreement about the goal of the research. This did not appear in the proposed RPLs.
" Iterative processes and serendipitous changes in direction are critical and vital to research but not accounted for in the tool.
* Research contains multiple components, and progress is often made at different rates within each component, unlike the linear structure of RPLs.
In addition to the above feedback, it was observed that the RPLs were confusing and difficult for researchers to use, despite multiple revisions based on feedback. The interviews revealed that the RPLs had a fundamental flaw: they treated both "things researchers do" (e.g., literature search, question selection) and progress on these aspects as different stages or steps on the same linear scale, in a prescribed order. In reality, researchers might tackle different aspects of a research project in an order that differs from the linear order the RPLs assume. This led to the idea of identifying key research components that can then be independently assessed for progression.
RESEARCH MATURITY LEVELS (RMLS): A SECOND ITERATION
The second iteration grew out of the idea that key research components can be assessed independently along independent scales of maturity, rather than progress. Progress implies a journey towards a known, final end state. A research project's end state is often unknown and ever changing, so instead, the maturity, or level of refinement and focus, is gauged. The "end product" or deliverables of the research is something the researcher has the flexibility to define.
The academic research measurement tool developed based upon this insight, named Research
Maturity Levels (RMLs), is embodied in the form of a worksheet. From a completed worksheet, the researcher is able to describe a profile or portfolio of a project in terms of its maturity as defined by the four research elements: resources, background knowledge, problem and question formulation, and procedures and results. The complete RML form may be found in the appendix.
Multiple axes of progress
The one-dimensional, product-focused TRL and initial RPL scales measured a linear progression towards a final technology or goal. However, even within product development, it is well understood that technological progress is not the only area important to a successful technology development program [24] .
Drawing upon research process literature, the characterization of research was first divided into separate, distinct axes or components: background knowledge, problem and question formulation, procedures and results, and resources. In this way, maturity or progress on each axis or component can be assessed independently. None of these components explicitly gauge the technology or success of the research. Rather, it assesses the maturity of the processes used to achieve a pre-defined goal.
The four research components may progress in parallel or sequentially, and may advance at different rates depending on preliminary findings or stage of research, etc. Thus, each research component is given its own maturity scale appropriate for the given component. Graphically, 
Maturity levels defined by milestones
In the wording of TRLs, each level requires that a technology is able to achieve a specific deliverable. For example, in order to achieve a TRL of 6, a "system/subsystem model or prototype demonstration in a relevant environment" is required shows the milestones used for the first maturity level of the problem and question formulation component. 
Flexibk end goals
Technology Readiness Levels are very specific in their end product: an "actual system proven through successful mission operations". However, in research the "end product" usually is not as concrete and well defined as a functioning technology; rather, the ultimate goal of research is to explore and develop new knowledge. This knowledge can take the form of a journal article, patent, new procedure, etc. In order to accommodate the diverse range of research endeavors, the RMLs progress towards a mastery of the research components, culminating in a 
Development of a productive research environment
The literature recognizes the importance of a strong research environment in order for researchers to be productive. To assist researchers in building a productive working environment, the resource component of the RMLs acts as a checklist for necessary monetary, intellectual, human, physical, and managerial resources. This component is slightly different from the other componments. It is comprised of smaller sub-components that are assessed in a similar way to maturity levels. However, it is not structured as a progression of maturity, but rather a checklist of resources to obtain. Refer to figure 3 for an example of the research support environment subcomponent.
Weighted effort scales for maturity levels
It is fairly easy to recognize that not every task in research takes the same amount of time or effort. Although the maturity levels of each component assist researchers in stepping towards a mature project, not every step is equally easy to complete. For example, for a project that requires an extensive number of data points, the "statement of research procedures" may be easier to accomplish than the "initial results under intended operating conditions." Additionally, the difficulty of a given maturity level may vary from project to project. The "statement of research procedures" may be a difficult step for a project seeking to try something that has never been done before. To capture the differences of effort to accomplish maturity levels, the MRLs contain a section in which the researcher can indicate the relative difficulty of each maturity level. Paired with the completeness of each maturity level, the difficulty indication gives a more comprehensive picture of the project's progress by more realistically portraying the effort needed to achieve its goals. Figure 4 shows an example of how the RMLs allow researchers to specify the difficulty of each maturity level.
Research Support Environment
[] This resource is not relevant 
FIGURE 3: EXAMPLE OF RESEARCH SUPPORT ENVIRONMENT SUB-COMPONENT OF THE RESOURCES COMPONENT, ILLUSTRATING RESOURCE ACCOUNTING AND ENUMERATION OF LIMITATIONS AND RISKS Procedures and Results Maturity Level:
Each maturity level may not take the same amount of time to complete. Additionally, the effort required for each level may vary from project to project To capture and better understand the progress of this research component, estimate the difficulty of each maturity level ranging from 10 to 100. Then, select the one maturity level that you feel best describes your current focus on research. 
Visual representation of results
With four research components containing multiple maturity levels comprised of several milestones, digesting and condensing the information contained in a completed assessment is critical to deriving an understanding of the progress and obtaining value from the RML. 
Verification of RMLs' efficacy
The authors conducted preliminary studies, guiding mechanical engineering faculty and graduate students through the tool to ensure that the prompts are properly interpreted and the form was understood. These usability studies verified that the structure and format of the Research Maturity Levels were successful in creating a profile of a variety of research projects. Initial tests also suggest that if this tool is used periodically, progression in a research project can be tracked, whether progress was made through new iterations or higher maturity levels within a given iteration. The authors plan to continue testing the tool to improve its usability and to understand the functional requirements from researchers.
Preliminary tests with faculty also uncovered interesting observations of how this tool may be used. First, a difference in the way scientists and engineers use the tool was observed. More science-minded faculty tended to shy away from classifying open-ended milestones, such as a "thorough understanding of literature and engineering context", as "complete", noting that there are always new things to discover and learn, despite their best efforts to understand the research space. Faculty with engineering mindsets felt more confident classifying a milestone as "complete" when a clear solution had emerged from their work.
Another observation was that faculty did not always seem familiar with the idea of using a structured research process. For example, some faculty found it difficult to distinguish "testing of core research procedures in approximate conditions" from "applying the full research procedure". In product design and technology development, the practice of low-level models to verify core concepts is well-known and widely used. Bringing this concept to research may improve the research process and make it more efficient.
The position of the person completing the tool also yielded different results. Principle investigators tended to think about the project as a whole. While completing the tool, some occasionally forgot to assess the project in its current state, getting lost in the project's possibilities and uncertainties. As a result, some PIs had difficulty answering some of the more detailed process or management prompts since they did not actively conduct the projects; one PI commented that she thought her student would have been better suited to complete the tool.
However, PIs tended to have a strong vision and understanding of the resources, risks, and limitations of the projects. Conversely, students who completed the tool focused on their specific sub-component of the project and felt unable to answer any of the prompts about resources.
These differences highlighted the importance of project scoping and definition before completing the assessment. Future iterations may incorporate a mechanism that would allow for a hierarchical project structure to be more clearly visualized and assessed.
FUTURE WORK
This work describes steps toward developing a comprehensive tool for characterizing the progress of academic research. The proposed Research Maturity Levels seeks to fulfill the requirements of: facilitating planning and communication; accommodating and capturing the diverse scope of academic research; and effectively gauging progress. Initial tests suggest that the proposed RMLs successfully accomplish these goals and further improvements may increase its efficacy. Outlined in this section are some of the ideas and goals that have materialized from the research and remain to be implemented and incorporated into the tool for overall assessment.
Risk assessment feedback
The primary focus for this researcher was to develop a comprehensive tool for researchers. In addition, ways to provide researchers with more feedback than just the profile of their research have been explored. Inherent to all research is the associated risk. Many researchers intuitively conduct risk-value assessments while choosing projects or new directions. It is hoped that from the project profile developed by the Research Maturity Levels, a risk profile can be determined and provided to the researchers that would suggest ways to manage risks, set priorities and intermediate term goals, and make decisions.
Worksheet as an online tool
While the paper form of the worksheet is viable for a relatively small number of assessments, a digital form of the tool would allow for wider use by a variety of researchers. One of the future goals of this research is to convert the worksheet into online software where researchers can log in, complete assessments, and track their progress over time. Using a database-driven platform, the software would be able to take the inputs of the assessment and process them into graphical forms for visualization by the researchers. Additionally, it could provide useful feedback to the researcher in the form of risk assessments or resource suggestions. This software could also serve as a platform for researchers to share their research with colleagues and funding organizations as well as set tangible goals in terms of progress within their research.
Possible revisions to accommodate industry
The tool, in its current form, is focused on applications to academic research due to the gap in literature. However, research evaluation in industrial research centers still experience frustration with existing methods. Feedback from lab managers and chief scientists in a large research center shared their interest in the tool, despite fundamental structural changes would be necessary for use in industrial contexts. A critical element in industrial research is the jugular experiment -that is the proof of concept that can make or break the future of the research in industry. While the current form does address feasibility studies, the jugular experiment in industry is a gate that must be crossed before the research can proceed. This criticality is not reflected in the current tool. Another fundamental difference between industrial research and academic research is the need for a business case. Throughout the research process, the business case is constantly evaluated to ensure that the research can be applied in a profitable product. 
Incorporating the "time element"
In the current form of the tool so far, a critical element of research has been left out: the "time element". This is the explicit designation of the amount of time a particular project is projected to need until completion. Although the tool hints at the timeline of the project through iteration and perceived difficulty of maturity levels, it does not demand that specified amount of times are projected for progress. This "time element" is clearly recognized as a crucial component of research, but it was intentionally decoupled from the tool to narrow its focus to the current state of the research within a defined set of research processes. This is analogous to knowing a location on a map; while a map does not say how long it will take to arrive to a destination, it does show how to get there. However, estimating the time it takes to complete a task is an essential element that is necessary to manage the risks of successfully research project. Thus, the time element should be incorporated into a risk assessment that would complement the RMLs.
Additionally, if a RML tool is completed over a set interval of time, the change in progress could be used to plot the "speed" of the research, providing a more realistic progress assessment. For the future work, more research should be done in this area to refine this aspect of the tool.
Further validation of tool
Since it is in the early stages of development, the tool has so far been proven only through feedback from reviewers and researchers testing out the tool. In order to further validate the tool's usefulness, a comprehensive study should be completed to gauge its efficacy in improving research. The hypothesis of this study would be that researchers who consistently use the tool would conduct better and more productive research. One possibility to test this hypothesis might be to develop two separate groups of researchers -one group would consistently use the tool and the other would conduct research as they normally would. At end of a given time period, the research output of the groups could be measured through metrics such as publications, citations, research funding, etc.
Another potential method of testing the tool's efficacy is to use established surveys to gauge the effectiveness of researchers who use the RMLs. One example would be to use an existing survey by Hekelman et al. [38] , which has predicted the success of a researcher using environmental metrics. Existing surveys found in the literature may provide a more objective third-party evaluation of the RMLs impact.
Refining and revisions
The form of the tool has undergone several revisions and iterations based on feedback from researchers using the tool. However, almost all of the researchers testing the tool have been mechanical engineering faculty or students from only two different research establishments.
Testing and feedback from a wider breadth of researchers could improve the tool's reach and make it applicable to a myriad of research disciplines. As more feedback is gathered, nuances in wording and process may become apparent for different types of research. Specific version of the form could be tailored to specific research fields (e.g. engineering vs. humanities) and types of research (basic vs. applied).
CHALLENGES
There are several challenges faced in the development of the tool that present on-going risks and should continually be addressed.
Appropriate tool length
The first challenge is to develop a tool with the appropriate length. Researchers, who are already busy as it is, may not find value in taking time to use the tool if they feel it is too long. However, if portions of the tool were eliminated to shorten the length, the tool may lose its comprehensiveness and might cease to achieve its objectives of capturing the scope of academic research. Further collection of data from the tool could be used to determine which aspects yield interesting information about research progress, helping refine and optimize the tool. A large dataset could also be aggregated to predict outcomes of research and help in identifying risks.
Quantitative validation of usefulness
Another major challenge, and perhaps the one that presents the most significant risk, is proving the usefulness of the tool. In its current form, taking time of completing the assessment is nonvalue added work for researchers. For those with prior experience product development and the design process, tools such as Gantt charts are recognized as a valuable communication and planning instruments despite the added effort required. However, for researchers unfamiliar to process-driven tools, the RMLs may seem like a waste of time to complete, especially if the researcher has an existing process for his or her work. Careful consideration must be taken in considering how the tool can tangibly benefit researchers. Several ideas were already present in the future work section -risk assessments, visualization of progress -that lay out ways in which the data could be processed in order to provide direct feedback to the researcher.
Furthermore, it is hoped that the validation studies will provide compelling and tangible correlations that relate improved research effectiveness with the use of the tool. However, with the diverse range of research projects, methodologies, and practices it may be difficult to find a correlation from validation tests. Broader thought must be given to develop ways to provide value to researchers using the tool.
CONCLUSION
This work developed an initial iteration of a comprehensive tool that can characterize and assess the progress of academic research. The tool aimed to facilitate planning, measure and communicate research progress, and encompass the diverse scope of academic research goals.
Initially, Technology Readiness Levels, academic productivity metrics, and industrial research and development metrics were applied to academic research in an attempt to achieve the goals of a comprehensive tool. However, these existing assessment methods fell short. Additionally, Research Progression Levels were developed, which were modeled after TRLs structure, but adopted a research-centric progression. After testing the RPLs with researchers, it found that they also fell short of some of the goals for a comprehensive tool. As a result, a new tool named Research Maturity Levels was developed in an attempt to accomplish all the goals of a comprehensive assessment tool for academic research.
The RMLs adopt a unique structure that allows for multiple axes of progression and progress through iteration, with a level of detail that is specific to research. Additionally, the tool is flexible enough to allow for multiple end goals, encompassing a diverse range of research objectives. Additionally, the research environment and resources are considered along with potential limitations and risks, giving a more comprehensive picture of the research project. The tool has been tested with several researchers and will continue to be refined as more feedback and data are collected.
Although significant progress has been made, this work accomplishes the initial steps towards the development of a comprehensive tool for academic research. Further testing and data collection is needed to verify the tool's efficacy and to optimize the tool. To collect large amounts of data, and to provide the tool in form that is convenient for researchers, online software should be developed for the tool. Feedback to researchers is also an important aspect of the tool, whether it is provided in the form of a risk assessment or a visualization of the research project. However, in order for the tool to be successful, it must be brought down to an appropriate length and be able to quantitatively show that it is helpful for researchers to use.
Research Component Maturity Worksheet
Introduction:
The intent of this worksheet is to help researchers clearly identify the future goals and current states of their research activities.
Maturity levels are intended to be sequential and iterative, but allow for flexibility in process. 
Project
Procedures and Results
This component begins with the exploration of procedures and methods to investigate research problems / hypothesis. It progresses through the development of experimental protocols for both simulation and/or physical experimentation, finally concluding with the documentation, dissemination, and acceptance of results. 
Procedures and Results Maturity Level:
Each maturity level may not take the same amount of time to complete. Additionally, the effort required for each level may vary from project to project. To capture and better understand the progress of this research component, estimate the difficulty of each maturity level ranging from 10 to 100. Then, select the one maturity level that you feel best describes your current focus on research. 
